The renal arterial pressure was changed in steps of 25 mm Hg, or it was successively varied between two levels (100 and 150 mm Hg) to obtain four or five stable flow recordings at each level. Statistical calculations indicated that the blood flows in the two drainage areas of the cat kidney were autoregulated with equal effectiveness (whether judged from inflow or outflow rates). The flows at 100 mm Hg were approximately 95% of the flows at 150 mm Hg. To establish whether the accuracy of the method was sufficient to detect a possible nonautoregulated fraction of the arcuate flow similar in magnitude to that traversing the medulla, the flow data were compared with the flows calculated from a simple mathematical model consisting of three homogeneous compartments (outer cortical, inner cortical, and medullary), each with its own pressure-flow relationship. If the flows through all cortical glomeruli are similarly autoregulated, the experimental results are incompatible with a flow through juxtamedullary glomeruli which is proportional to pressure and constitutes 5-7%, or more, of the total renal blood flow.
• Total renal blood flow is subject to autoregulation: a change in perfusion pressure (within certain limits) causes a nearly proportional change in hydrodynamic resistance of the renal vessels so that flow is kept rather constant. Whether medullary blood flow is autoregulated is still a matter of dispute. In the present study, we approach the problem by comparing the slopes of two "autoregulation curves" obtained by recording the blood flows in the superficial and deep drainage areas of the isolated cat kidney as a function of pressure in the renal artery.
Methods
The experiments were done on cats anesthetized with chloralose as described earlier ( 1 ) . In brief, in an excised perfused kidney, the subcapsular veins were clipped near their connections with the renal vein and cut open distal to the clamps. The blood from the outer cortex, which leaked through the cuts, was led to one flowmeter. The blood from the inner cortex and the medulla, which passed along the arcuate veins and the renal vein, was led to a second flowmeter (Figs. 2 and 7 in ref. 1) . The perfusion pressure and the flows were recorded (together with the temperature of the oil in the perfusion chamber and the intra-abdominal temperature of the donor animal). Throughout 7 of the 12 experiments, a finger pump on the tube connecting the aorta of the blood donor to the renal artery of the isolated kidney was used to effect the highest renal perfusion pressures employed.
Two methods of studying the pressure-flow relationships were used: (1) The perfusion pressure was increased or decreased in steps of 25 mm Hg by adjusting a clamp (or the pump) on the tube which connected the aorta of the donor animal with the renal artery of the isolated kidney. At each pressure level, about 5 minutes passed before stable recordings were obtained. varied between only two pressures, 100 and 150 mm Hg, so that four or five flow recordings were obtained at each level. During stable recordings, arterial and superficial and deep renal venous blood samples were taken. From the plasma concentrations of protein and the hematocrits of the two venous samples, the arterial inflows to the two venous drainage areas were calculated as described earlier (1) . To obtain representative blood samples of subcapsular venous blood, rather long equilibration periods (about 10 minutes) were required after each adjustment of the perfusion pressure, because the superficial venous samples were taken from a pool of blood in the funnel-shaped bottom of the chamber, the volume of which delayed attainment of steady concentrations.
The clearance of creatinine and the extraction fractions of para-aminohippurate (PAH) were used to evaluate the functional conditions of the perfused kidney.
Results
The results were obtained from perfusion experiments on 12 kidneys from 12 adult male cats weighing 3.5-4.5 kg. Individual data for the kidneys are given in Table 1 . The average kidney weight was 20 g, total renal blood flow rate during 4-5 hours of perfusion was 52 ml/min, total renal blood flow rate/g kidney weight was 2.7 ml/min g-1 , and clearance of creatinine was 7.3 ml/min. During preparation, the kidney was ischemic for an average of 13 minutes. The average extraction fractions of PAH (arterial minus renal venous plasma concentration divided by arterial plasma concentration) in the 12 kidneys were 0.76 and 0.59 for the superficial and deep drainage areas, respectively. The ratio between the arcuate and subcapsular flows averaged 0.90.
RELATION BETWEEN PRESSURE A N D FLOWS
Method 1.- Figure 1 shows the relation between perfusion pressure and outflow of blood from the subcapsular and the deep veins in a kidney weighing 16 g and having a coefficient of perfusion of 3.75 ml/min g" 1 at 150 mm Hg. The curves were generated from a single series of step increases in pressure followed by a series of similar step decreases, and they are presented both in absolute values and as percents of the flow at 150 mm Hg. Generally, the flows had attained "plateau" values at this pressure. Similar autoregulation curves for a kidney weighing 20 g may be seen in Figure 2 . Since no systematic difference in the autoregulation curves could be discerned between kidneys with high coefficients of perfusion and those with low coefficients, all the trials (12 in 12 kidneys) were averaged after normalizing the flows with respect to those at 150 mm Hg. As seen in Figure 3 , it is possible to draw a common curve through the points representing normalized deep and superficial flows. Thus with this method, there is no indication of a significant difference in
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FIGURE 1
The
pressure-flow relationship of the superficial drainage area (o) and the deep drainage area (•) in a kidney weighing 16 g. The abscissa is perfusion pressure and the ordinate is flow in ml/min for the upper curves and flow normalized to that at ISO mm Hg for the lower curves. The dashed line indicates the hypothetical pressure-flow relationship with a nonautoregulated medullary blood flow (Table 2).
the effectiveness of the autoregulatory phenomenon in the two drainage areas. Method 2.-The flows were measured at perfusion pressures of 100 and 150 mm Hg in nine kidneys. At 100 mm Hg, the subcapsular outflow averaged 95.28 ±1.19% (mean±SE) of that at 150 mm Hg, while the corresponding figure for the arcuate flow was 94.96 ± 1.-75%. Student's £-test shows that the difference is not significant (P>0.05). When the arterial inflows at 100 mm Hg were similarly expressed as percents of those at 150 mm Hg, the figures became 94.79 ±1.18% and 94.05 ± 1.69%; these figures also are not significantly different. In Figure 4 , the ratios between the flow percents (deep to superficial) are shown for each experiment. A ratio lower than 1.00 at 100 mm Hg indicates that the deep flow fell more than the superficial flow on a relative basis when the pressure was reduced from 150 to 100 mm Hg. Further statistical considerations of these results are given later in the article. 2) concluded from their experiments on the perfused dog kidney in which the flows were estimated by the plasma transit-time method that the medullary flow, in contrast to the cortical blood flow, was not autoregulated. The transit time for proteinbound Evans blue dye only changed in the papillary region when the arterial pressure was varied within the autoregulatory range. On the other hand, Aukland (3) reported, on the basis of the rate constants of hydrogen washout from the renal medulla of dogs measured by multiple electrodes inserted into this region, that the medullary circulation was autoregulated to the same degree as the cortical flow. The contradiction in these findings was our reason for approaching the problem by a new technique.
Previous work (1) showed that nerve stimulation and epinephrine infusion preferentially decreased the arcuate flow, angiotensin lowered both flows to approximately the same degree, and microspheres preferentially decreased the subcapsular flow.
The present results indicate that no significant difference in flow response of the two drainage areas is observed when the perfusion Similar data as in Figure 1 for a kidney weighing 20 g. The average normalized pressure-flow relationships for 12 kidneys. Symbols are the same as in Figure 1 .
The bars indicate standard errors.
pressure of the renal arterial blood is changed. (Figs. 1-4 ). In fact, the blood flows perfusing the two drainage areas seem to show a similar high degree of autoregulation. Physiologists agree that the medullary blood flow in the dog kidney is approximately 10-15% of the total renal blood flow (4). Since cat and dog kidneys are both monolobar and alike with respect to the weight ratio between medulla and cortex and the structure of the nephrons (5-7), we used these figures in the discussion of the present results. Because the arcuate veins have tributaries originating both in the cortex (the inner cortical veins) and in the medulla (the venous vasa recta), the blood flow from the medulla can only constitute a certain fraction of the flow leaving via the arcuate veins. In the cat, the arcuate or deep flow is almost half of the total blood flow (the flow ratio of Q hve nr> to Q byenS averaged 1.0 in some experiments [1] and 0.9 in the present). This means that the medullary blood flow should constitute 20-30% of the arcuate flow. On this basis, we will now describe a hypothetical model of circulation in the feline kidney and see how it fits the experimental results.
Let us assume that the kidney is composed of three compartments: a medullary compartment drained by venous vasa recta, an inner cortical compartment drained by inner cortical veins, and an outer cortical compartment drained by outer cortical veins. The first compartment is supplied with blood by the long efferent arterioles which leave the deeply situated juxtamedullary glomeruli and dive into the medulla, and the second and the third compartments are supplied by efferent arterioles from the cortical glomeruli. Furthermore, let us calculate the blood flows in these three compartments on the basis of the following assumptions: (1) The medullary blood flow constitutes 15% of the total renal blood flow at 150 mm Hg. (2) The medullary blood flow is proportional to pressure, i.e., at 100 mm Hg it equals two-thirds of that at 150 mm Hg. (3) The inner and outer cortical blood flows are autoregulated with the same effectiveness.
For example, these assumptions can be applied to the pooled data obtained by the 
FIGURE 4
ratio between the normalized deep and superficial flows as a function of the perfusion pressure in nine kidneys. The abscissa is perfusion pressure, and the ordinate for the upper curves is the ratio calculated for inflow data, and for the lower curves it is
the ratio calculated for outflow data. second method of studying autoregulation. Putting the mean venous outflow from the outer cortical compartment (the subcapsular flow) at 150 mm Hg equal to 100 arbitrary units, the mean outflow from the arcuate veins becomes 90 units, divided into 28.5 and 61.5 from the medullary and inner cortical compartments, respectively ( Similar calculations based on the figures for the average arterial inflows to the two venous drainage areas or the autoregulation curves pictured in Figures 1 and 2 also show that the model inadequately describes the actual findings. In other words, the experimental data leave no room for nonautoregulatory behavior of a medullary blood flow of the magnitude assumed in the model. Actually, it remains to be shown that the predicted normalized flow in the deep drainage area at 100 mm Hg (86.2%) and that actually found (94.96 ± 1.75%) are different in a statistical sense. This can be done by dividing the normalized arcuate flow at 100 mm Hg by the normalized subcapsular flow at 100 mm Hg within each experiment to obtain 102 GALSKOV, NISSEN the relative arcuate flows at 100 mm Hg (Fig.  4) . The average (±SE) of the nine relative arcuate flows thus calculated was 0.997 ± 0.-014, and this is significantly larger (P < 0.-0005, Student's f-test) than the value expected with a nonautoregulated medullary flow, i.e., 0.905 (86.2/95.3, Table 2 ). It should be emphasized that it is also significantly larger than the relative arcuate flow at 100 mm Hg expected from a model in which the percent of nonautoregulated medullary blood flow is set at the more conservative value of 1% at 150 mm Hg (5% at 100 mm Hg). In this case, the expected relative arcuate flow would be 0.956, which is less than 0.997±0.014 (P<0.025). Statistical treatment of the corresponding inflow data gives identical minimal detectable nonautoregulated medullary blood flow percents.
These considerations indicate to us that the medullary circulation is autoregulated just as well as the rest of the renal circulation. In Figures 1-3 , the dashed lines are the pressureflow relationships expected in the absence of autoregulation of the medullary flow, and the solid lines are those actually found.
In a very recent study (8) , the intrarenal distribution of radioactive microspheres injected into the left heart was taken as a measure of the volume flow of blood into the glomeruli. Spheres with a diameter of 18 ju.m lodged in the glomeruli, those with diameters of 27 and 36 /xm, in preglomerular vessels. A cortex column was divided into four equally thick sections, and the radioactivity of these was counted. Such measurements suggested that the blood flow in the superficial fourth varied directly with pressure, in the next fourth there was no relation to pressure, and in the inner half it seemed to be inversely related to pressure. In our opinion, at least two additional factors apart from flow may have determined the extra accumulation of spheres at more superficial sites at the higher pressures: (1) When the renal arterial pressure increases, some renal vessels must constrict if flow is kept constant. The autoregulatory reaction probably resides in the afferent arterioles, and the constriction may change the geometry of the arterial tube system so that more spheres bypass deep afferent arterioles to be caught in more superficial vessels. (2) A higher pressure may have pushed the spheres into more distal resting positions in the preglomerular vessels, e.g., from the second layer to the most superficial layer, since the site of wedging is determined by the difference in pressure proximal and distal to the sphere as well as by the diameter of the vessels and spheres. When the microspheres occlude the vessel, the proximal pressure is probably largely dependent on the renal arterial pressure and the distal pressure is near zero (relative to atmospheric pressure).
It has puzzled us that the tests in a few of our pilot experiments indicated that the autoregulation of the arcuate flow was less effective than that of the subcapsular flow (Fig. 1) . With improved techniques, the difference in slope between the two curves diminished, and, in the last and technically acceptable series of experiments, there was no statistically significant difference. In these experiments, great care was taken to keep the cats well hydrated and to replenish blood losses with donor blood; thus approximately 40 ml of saline or dextran solution were infused in each animal during surgery. Actually, the steeper slope of the autoregulation curve of the deep flow observed in the early experiments may be explained from knowledge about the effect of external factors on the pressure-flow relationship gained from experiments where total renal blood flow was considered. Thus, it has been reported (9, 10) that both in dog and cat kidneys the course of the pressure-flow curve is steeper if catecholamines are continuously injected into the renal circulation (or if the renal nerves are stimulated); it seems as though arterioles constricted in response to such stimuli are unable to compensate fully for a change in pressure. Inasmuch as the arterioles of the deep drainage area are especially sensitive to catecholamines (1), the relatively ineffectual autoregulation of the deep circulation observed in our early experiments may well have been caused by relatively high endogenous concentrations of circulating catecholamines.
From the direct measurements of the subcapsular and arcuate blood flows described earlier (1) and in this paper, we conclude that the intrarenal flow distribution varies with the external stimulus. The flow pattern obtained by changing the conditions of an intact animal (e.g., dehydration, crush injuries, simple hemorrhagic preshock, emotional disturbances) is most likely the result of different external factors affecting the kidney. For example, crush injuries may give rise to a microembolism in the interlobular arteries which predominantly affects the outer cortex (1), while a simultaneous increase in sympathetic discharge to the kidneys predominantly affects the deep circulation. During hemorrhagic shock, increased tone in the renal sympathetic nerves and increased concentration of circulating hormones such as epinephrine (and possibly angiotensin) affect a kidney that is perfused at a subnormal arterial pressure; these factors together mean a relatively large curtailment of deep renal blood flow. In the concentrating dehydrated animal, slowing of the medullary circulation (4, 11), possibly due to an increase in sympathetic tone or in the concentration of circulating catecholamines, may be a part of the normal response to water loss, which, in conjunction with the antidiuretic hormone, serves to increase the concentration of the urine by reducing the washout of medullary osmotic constituents (2, 12, 13) .
